One sentence summary: Porphyromonas gingivalis Hgp44 residues 199-316 are responsible for adhesion to Treponema denticola; inhibition of this domain may disrupt periodontopathic biofilm formation and maturation. Editor: Richard Marconi
INTRODUCTION
Periodontitis is a polymicrobial oral disease characterized by dysregulated inflammatory and immune responses in toothsupporting tissues induced by dental plaque biofilm (Lamont and Hajishengallis 2015) . Specific groups of subgingival bacteria within plaque contribute to the pathogenesis and progression of periodontitis (Haffajee and Socransky 1994; Socransky et al. 1998) including Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia, which constitute the so-called red complex (Socransky et al. 1998) .
Interactions between microorganisms are essential for the organization of periodontopathic biofilms (Kolenbrander et al. 1993; Park et al. 2006) . We previously showed that P. gingivalis and T. denticola frequently localize in close proximity to periodontal pockets of patients with chronic periodontitis (Kigure et al. 1995) ; synergistic and symbiotic interactions between these two bacterial species have been reported (Simonson et al. 1992; Yamada, Ikegami and Kuramitsu 2005; Meuric et al. 2013; Tan et al. 2014) . Porphyromonas gingivalis and T. denticola each respond metabolically to the presence of the other, which could explain the greater virulence associated with their co-infection as compared to that of each species alone (Tan et al. 2014) , which was demonstrated in animal periodontitis models (Kesavalu et al. 2007; Orth et al. 2011) . Monitoring the abundance of P. gingivalis and T. denticola in subgingival plaque may be clinically useful for assessing the risk of periodontitis progression (Byrne et al. 2009 ).
Porphyromonas gingivalis cell surface components such as fimbriae, vesicles, hemagglutinins, Arg-gingipain (Rgp)A, Arggingipain (Rgp)B and lys-gingipain (Kgp) play important roles in its adhesion (Okuda and Takazoe 1974; Okuda et al. 1986; Lee et al. 1993; Duchesne et al. 1995; Shi et al. 1999) . The RgpA-Kgp complex in P. gingivalis was found to bind in the nanomolar range to the host proteins fibrinogen, fibronectin, collagen type V and hemoglobin (O'Brien-Simpson et al. 2005) . Adhesive interactions among different bacteria are observed as coaggregation in vitro (Kolenbrander and Andersen 1989) . Cell surface components of P. gingivalis facilitate coaggregation with early microbial colonizers in dental plaque biofilm such as Streptococcus gordonii (Chung, Demuth and Lamont 2000) , S. oralis (Nagata et al. 2009 ) and Actinomyces viscosus (Hiratsuka et al. 1992; Abe et al. 2004) . Porphyromonas gingivalis can also coaggregate with other periodontal pathogens including Fusobacterium nucleatum (Kolenbrander and Andersen 1989) , Prevotella intermedia (Kamaguchi et al. 2001) and T. denticola (Grenier 1992; Ito et al. 2010) .
The expression of P. gingivalis genes encoding RgpA, Kgp and HagA was upregulated upon incubation with T. denticola (Meuric et al. 2013) . We also showed that the C-terminal hemagglutinin/adhesion domain of P. gingivalis RgpA, Kgp and HagAknown as Hgp44-is involved in the coaggregation with T. denticola (Ito et al. 2010) , suggesting that such interactions are important for periodontopathic biofilm organization. However, the specific domain in P. gingivalis Hgp44 responsible for adhesion to T. denticola remains to be determined. This was addressed in the present study by generating truncated fragments of P. gingivalis Hgp44 and evaluating their adhesion to T. denticola.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Bacterial strains used in this study are listed in Table 1 . Porphyromonas gingivalis ATCC 33277 (American Type Culture Collection, Manassas, VA, USA) was maintained on tryptic soy agar (Difco Laboratories, Detroit, MI, USA) supplemented with 10% defibrinated horse blood, hemin (5 μg ml −1 ) and menadione (0.5 μg ml −1 ) at 37
• C under anaerobic conditions (80% N 2 , 10% CO 2 and 10% H 2 ). For the following assays, P. gingivalis was cul- Table 1 . Bacterial strains used in this study.
Strain Source
Porphyromonas gingivalis ATCC 33277 ATCC Treponema denticola ATCC 35405 ATCC Escherichia coli DH5α Takara Bio Escherichia coli BL21Star (DE3) Invitrogen tured in tryptic soy broth (Difco Laboratories) supplemented with hemin (5 μg ml −1 ) and menadione (0.5 μg ml −1 ) at 37
• C under anaerobic conditions. Treponema denticola ATCC 35405 was grown in TYGVS medium (Ohta, Makinen and Loesche 1986) at 37
• C under anaerobic conditions. Luria-Bertani (LB) broth and LB agar plates (Becton Dickinson, Sparks, MD, USA) were used for Escherichia coli cultures. Ampicillin and carbenicillin were used at concentrations of 60 and 100 μg ml −1 , respectively (Inagaki et al. 2003) .
Construction of recombinant plasmid vector
We amplified Hgp44 DNA encoding amino acid residues 1-124, Fig. S1 ) by polymerase chain reaction (PCR) from pET32Xa/LIC-Hgp44 (Inagaki et al. 2003) with the primers listed in Supplemental file 
Preparation of r-Hgp44 recombinant proteins
Generated plasmids were transformed into DH5α E. coli cells (Takara Bio). Recombinant clones were isolated on LB agar plates or in LB broth containing 60 μg ml −1 ampicillin. An overnight culture of E. coli BL21Star (DE3) Invitrogen, Carlsbad, CA, USA harboring the recombinant plasmid was inoculated into 50 ml fresh LB broth containing 100 μg ml −1 carbenicillin, followed by incubation at 37
• C with vigorous shaking until the optical density at 660 nm (OD 660 nm) reached 0.6; isopropyl-β-dthiogalactopyranoside was then added to a final concentration of 1 mM. After 2 h, the cells were sonicated and harvested by centrifugation at 10 000 × g at room temperature for 10 min, then lysed with 0.01 M Tris-HCl buffer (pH 8.0) containing 8 M urea and 0.1 M NaH 2 PO 4 , followed by incubation at room temperature for 1 h with agitation. The supernatant was applied to Ni-Sepharose 6 Fast Flow (GE Healthcare, Little Chalfont, UK) equilibrated with the same buffer. The column was washed with 0.05 M Tris-HCl buffer (pH 7.5) containing 8 M urea, 0.5 M NaCl and 0.04 M imidazole, and His-tagged r-Hgp44 was eluted with 0.05 M Tris-HCl buffer containing 8 M urea, 0.5 M NaCl and 0.5 M imidazole. Eluted r-Hgp44 (residues 1-419), r-Hgp44 1 (1-124), r-Hgp44 2 (1-199), r-Hgp44 3 (1-316), r-Hgp44 4 (199-419), r-Hgp44 5 and r-Hgp44 6 (199-316) proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. After SDS-PAGE, the proteins were transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore, Bedford, MA, USA) that was blocked and then incubated with horseradish peroxidase-conjugated monoclonal anti-penta-His antibody (Qiagen, Germantown, MD, USA). Immunoreactivity was visualized using 3,3 ,5,5 -tetramethyl benzidine Membrane Peroxidase Substrate (KPL, Gaithersburg, MD, USA), and protein bands were imaged using ImageQuant LAS 4000 (GE Healthcare UK). pET32Xa/LIC contains Hgp44 encoding amino acid residues 1-124 This study pHgp44 pET32Xa/LIC contains Hgp44 encoding amino acid residues 1-199 This study pHgp44 pET32Xa/LIC contains Hgp44 encoding amino acid residues 1-316 This study pHgp44 pET32Xa/LIC contains Hgp44 encoding amino acid residues 1-419 This study pHgp44 pET32Xa/LIC contains Hgp44 encoding amino acid residues 199-419 This study pHgp44 pET32Xa/LIC contains Hgp44 encoding amino acid residues This study pHgp44 pET32Xa/LIC contains Hgp44 encoding amino acid residues 199-316 This study a Antibiotic resistance (Ap r ) phenotypes.
Evaluation of P. gingivalis r-Hgp44 adherence to T. denticola
To determine which residues of P. gingivalis Hgp44 mediates adhesion to T. denticola, adherence was evaluated by enzymelinked immunosorbent assay (ELISA) using r-Hgp44 and its fragments as described previously (Ito et al. 2010) . Three-day cultures of T. denticola were harvested by centrifugation at 10 000 × g for 20 min; the pellets were washed twice with PBS (pH 7.2) and resuspended in PBS. Cell suspensions were disrupted by sonication on ice at 100W for 5 min using asonicator (Sonifier 250, Branson, Danbury, CT). Unbroken cells were removed by centrifugation at 10 000 g for 20 min. A 100-μl volume of each recombinant protein in coating buffer (5 μg protein per well) was applied to a 96-well enzyme immunoassay plate (Corning Inc., Corning, NY, USA) and incubated at 37
• C for 2 h. A His tag purified from E. coli harboring pET32Xa served as the antigen for the negative control. The wells were washed with phosphatebuffered saline containing 0.05% Tween 20 (PBST), blocked with 2% bovine serum albumin (BSA)-PBST for 2 h and washed again with PBST. Treponema denticola sonicate antigen (100 μl; 1 μg protein per well) was added to the wells and incubated for 1 h. After washing the plate with PBST, rabbit polyclonal antibodies against T. denticola (Ishihara et al. 1998 ) diluted 1:1000 in 0.5% BSA-PBST were added, followed by incubation for 1 h. After washing, peroxidase-labeled goat anti-rabbit IgG diluted 1:2000 in 0.5% BSA-PBST was added and after washing with PBST, color development was performed using ABTS Peroxidase Substrate (KPL). The reaction was terminated and OD 410 was measured on a microplate reader (SpectraMax M5e; Molecular Devices, Sunnyvale, CA, USA). In a first set of ELISA experiments, P. gingivalis fragments rHgp44 1 (1-124), r-Hgp44 2 (1-199), r-Hgp44 3 (1-316) and r-Hgp44 4 (199-419) were compared with full-length r-Hgp44 and the control. To more precisely identify the residues responsible for adhesion, fragments r-Hgp44 5 and r-Hgp44 6 (199-316) were included in a second set of experiments.
Coaggregation assay
Coaggregation of P. gingivalis ATCC 33277 and T. denticola ATCC 35405 was evaluated as previously described (Amano et al. 1997; Ito et al. 2010) in the absence or presence of 0.5 nmol ml −1 r-Hgp44. Briefly, 3-day cultures of P. gingivalis or T. denticola were harvested by centrifugation at 10 000 × g for 20 min. Cells were washed twice with PBS and resuspended in PBS; the concentration of the cell suspension was measured using a spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan) and adjusted to an OD 660 of 0.5. A 1-ml volume of T. denticola suspension was mixed in a cuvette with 0. (Ito et al. 2010) . In our preliminary experiments, we tested various concentrations of r-Hgp44 6 and r-Hgp44 (0.25-2 nmol ml −1 ); 0.5 nmol ml −1 was the lowest concentration yielding a coaggregation activity value that differed significantly from that of the control.
Scanning electron microscopy analysis of biofilms
Porphyromonas gingivalis and T. denticola biofilms were visualized by scanning electron microscopy (SEM) as previously described (Zhu et al. 2013; Kita et al. 2016) . Porphyromonas gingivalis and T. denticola were cultured for 3 days at 37
• C under anaerobic conditions. A 1-ml volume of each cell suspension (OD 660 of 0.1) and 0.5 ml of His tag (control) (0.5 nmol ml −1 ) or r-Hgp44 6 (0.5 nmol ml −1 ) were inoculated into 35-mm culture dishes (Corning Inc.) and incubated at 37
• C under anaerobic conditions. After 3 days, the medium was removed and the wells were washed twice with PBS. Cells attached to the dishes were fixed for 1 h at 4
• C with 2.5% glutaraldehyde. The samples were washed twice with sterile distilled water and dehydrated in ethanol, then dried at the critical point of t-butyl alcohol, coated with carbon using a VC-100 carbon coater (Vacuum Device Co., Ibaraki, Japan) and visualized with a SU6600 microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of 15 kV. Images were acquired from randomly selected areas of each specimen.
Confocal laser scanning microscopy analysis of P. gingivalis and T. denticola biofilms
Porphyromonas gingivalis and T. denticola biofilms were visualized by confocal laser scanning microscopy (CLSM) as previously described (Zhu et al. 2013; Bai et al. 2016; Kita et al. 2016) . Porphyromonas gingivalis and T. denticola were cultured as described for SEM analysis. A 1-ml volume of each cell suspension (OD 660 of 0.1) and 0.5 ml His tag (control) (0.5 nmol ml −1 ) or r-Hgp44 6 (0.5 nmol ml −1 ) were inoculated into 35-mm glass-bottomed dishes (Iwaki; Funabashi, Chiba, Japan) and incubated at 37
• C under anaerobic conditions. After 3 days, the medium was removed and the dishes were washed twice with PBS to remove unattached bacteria. Biofilms on the dishes were fixed for 1 h at room temperature with 10% neutral buffered formalin and then washed with PBS. After treatment with a blocking solution (Block Aid; Invitrogen, Carlsbad, CA, USA) for 30 min at room temperature and washing with PBS, rabbit polyclonal antibodies against T. denticola (Ishihara et al. 1998 ) diluted 1:300 were added, followed by incubation for 1 h. After washing the dishes, both bacterial cells were stained with 4 ,6-diamidino-2-phenylindole (DAPI, Dojindo Laboratories, Kumamoto, Japan), and T. denticola was labeled with Alexa Fluor 546-conjugated goat anti-rabbit IgG (Invitrogen). After incubation in the dark at room temperature for 30 min and two washes with PBS, cells were examined on an LSM5 DUO microscope (Carl Zeiss MicroImaging, Göttingen, Germany) with a 63 × /1.40 oil immersion objective. A series of zstack images were acquired in increments of 0.1 μm using excitation wavelengths of 405 and 543 nm. Images were analyzed using Zen 2012 (Carl Zeiss MicroImaging) software. The blue color (DAPI) image data were processed with Zen software to change to green, and the T. denticola fluorescence signal was shown as red. Each biofilm z-stack image was quantified to determine average thickness and biomass using the COMSTAT program (Heydorn et al. 2000) plugin in ImageJ v.1.51 software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis
Each experiment was performed independently at least three times. The Mann-Whitney U test was used to assess differences between two groups in the CLSM analysis. One-way analysis of variance with Tukey's multiple comparisons test or the KruskalWallis test followed by Dunn's multiple comparisons test was used in other analyses. Statistical analysis was performed with InStat 3.01 for Windows (GraphPad Software, La Jolla, CA, USA). A P value <0.05 was considered significant.
RESULTS
Confirmation of constructed plasmid vectors
Primer design for amplification of Hgp44 DNA fragments is shown in Fig. 1 . Plasmid vectors containing each of the Hgp44 domains (Hgp44 1 , Hgp44 2 , Hgp44 3 , Hgp44, Hgp44 6, Hgp44 4 and Hgp44 5 ) were confirmed by PCR using primers 1-7 (Table S1 ) and by agarose gel electrophoresis (Supplemental file Fig. S2 ).
Confirmation of r-Hgp44 proteins
The production of r-Hgp44 proteins was confirmed by SDS-PAGE and immunoblotting (Fig. 2) . The molecular masses of the purified proteins were as follows: r-Hgp44, 75 kDa; r-Hgp44 1 , 33 kDa; r-Hgp44 2 , 41 kDa, r-Hgp44 3 , 53 kDa; r-Hgp44 4 , 43 kDa; r-Hgp44 5 , 28 kDa; and r-Hgp44 6 , 32 kDa.
Adherence of r-Hgp44 to T. denticola
ELISA results indicated that T. denticola sonicated extracts showed greater adherence to r-Hgp44, r-Hgp44 2 , r-Hgp44 3 and r-Hgp44 4 than to the control (a His tag purified from E. coli harboring pET32Xa) (P < 0.001; Fig. 3A ). The sonicates also showed higher adherence to r-Hgp44, r-Hgp44 3 and r-Hgp44 4 than to rHgp44 1 (P < 0.001) and to r-Hgp44 2 than to r-Hgp44 1 (P < 0.01). However, there were no significant differences in the adherence of T. denticola sonicates to r-Hgp44 1 vs. the control or to r-Hgp44 vs. r-Hgp44 3 . We used r-Hgp44 5 and r-Hgp44 6 in the assay to identify the specific domain responsible for adherence to T. denticola (Fig. 3B) . Treponema denticola sonicates showed greater adherence to rHgp44 and r-Hgp44 6 than to the control (P < 0.001), and higher adherence to r-Hgp44 6 than to r-Hgp44 5 (P < 0.001).
Effect of r-Hgp44 on P. gingivalis and T. denticola coaggregation
We next examined the effect of r-Hgp44 on the coaggregation of P. gingivalis and T. denticola and found that compared to the control (His tag), coaggregation activity was inhibited in the presence of r-Hgp44 or r-Hgp44 6 (0.5 nmol ml −1 ) (P < 0.001; Fig. 4) , with more potent inhibition by the former (P < 0.001).
Porphyromonas gingivalis and T. denticola biofilm structure SEM analysis revealed that P. gingivalis and T. denticola formed sparser biofilms in the presence of r-Hgp44 6 (Fig. 5) . Interestingly, in control biofilms, filamentous structures were observed Figure 3 . Adherence of P. gingivalis r-Hgp44s to T. denticola sonicates. r-Hgp44 (5 μg per well) was immobilized in 96-well ELISA plates. A 12 kDa 6xHis-tagged thioredoxin (TrxA) E. coli protein encoded on the pET32Xa vector served as a negative control. After blocking, the wells were overlaid with sonicated extracts of T. denticola ATCC 35405 (1 μg per well) and the reaction was allowed to proceed for 1 h. Levels of adherent T. denticola sonicates were evaluated using anti-T. denticola antibody. were included for comparison. Data are representative of three independent experiments. * * P < 0.01, * * * P < 0.001. between P. gingivalis and T. denticola cells (Fig. 5 , arrows) that were not detected in the presence of r-Hgp44 6 .
Biofilm formation by P. gingivalis and T. denticola
We examined the 3D structures of biofilms by CLSM in the presence or absence of r-Hgp44 6 . Porphyromonas gingivalis and T. denticola formed dual-species biofilms on the dish surface ( Fig. 6A and B). Addition of r-Hgp44 6 resulted in the formation of P. gingivalis and T. denticola biofilms that were sparser (Fig. 6A ) and thinner (P < 0.001; Fig. 6B and C) than that of the control.
DISCUSSION
In this study, we aimed to identify the specific domain of P. gingivalis Hgp44 that mediates adhesion to T. denticola. Hgp17-a domain protein encoded by P. gingivalis RgpA and Kgp-is responsible for coaggregation with other periodontal pathogens such as P. intermedia (Kamaguchi et al. 2003) . The C-terminal adhesin domain of P. gingivalis RgpA has four subdomains (Hgp15, Hgp17, Hgp27 and Hgp44), some of which are responsible for hemoglobin binding and hemagglutination (Hgp17 and Hgp44) (Shi et al. 1999) . The PVQNLT sequence (residues 207-212) in Hgp44 plays an important role in hemagglutination (Shibata et al. 1999) , whereas the FEED (167-170) and GTP-NPNPNPNPNPNPGT (229-245) sequences in Hgp44 may contribute to the binding to fibrinogen and collagen type V and to hemoglobin, respectively (O'Brien-Simpson et al. 2005) . A study of the hemagglutinating activity of Hgp44 using recombinant proteins of Hgp44 fragments suggested that glycophorin A is the target of Hgp44 on the erythrocyte membrane (Sakai et al. 2007) . Together, these findings suggest that adhesion motifs are typically located in Hgp44 sequences. We previously demonstrated that P. gingivalis Hgp44 domains are involved in coaggregation with T. denticola (Ito et al. 2010) and that a Hgp44 domaincoding DNA vaccine stimulates protective immunity against P. gingivalis-induced alveolar bone loss (Muramatsu et al. 2011 ); Figure 6 . Microscopic examination of P. gingivalis and T. denticola biofilms. Porphyromonas gingivalis ATCC 33277 and T. denticola ATCC 35405 were co-cultured in the presence or absence of r-Hgp446 for 3 days at 37
• C under anaerobic conditions. Samples were fixed and both bacterial cells were stained with DAPI and treated with rabbit polyclonal antibodies against T. denticola, then washed and T. denticola was also stained with Alexa Fluor 546 goat anti-rabbit IgG and observed by CLSM. The blue color image data were processed to change to green by Zen software. (A) Three-dimensional (3D) projections of image stacks acquired by scanning from the top. Red, T. denticola; green, P. gingivalis; yellow, co-localization of the two bacteria. Scale bars, 10 μm. (B) 3D projections of image stacks acquired by scanning from the side. Red, T. denticola; green, P. gingivalis; yellow, co-localization of the two bacteria. Scale bars, 10 μm. (C) Quantification of biofilm thickness and biomass. Data are presented as mean ± SD (n = 15). * * * P < 0.001. moreover, we found that protection against P. gingivalis colonization plays a major role in the inhibition of bone loss. In the present study, we showed by ELISA using P. gingivalis Hgp44 recombinant proteins (r-Hgp44) that the Hgp44 DNA sequence encoding amino acid residues 199-316 is largely responsible for adhesion to T. denticola. Fusobacterium nucleatum plays an important role in the formation of periodontopathic biofilm, since this bacterium adheres to early colonizers such as Gram-positive cocci and enhances the adherence of other prominent periodontopathic bacteria including P. gingivalis (Kolenbrander 2000) . Fusobacterium nucleatum was also found to coaggregate with P. gingivalis and T. denticola (Ishihara et al. 1998) . In separate experiments, we also investigated the adherence of P. gingivalis Hgp44 fragments to F. nucleatum by ELISA to determine whether the identified adhesion domain is specific to T. denticola. The results showed that the same 199-316 residues mediate adhesion to F. nucleatum (Supplemental file Fig. S3) . Thus, the Hgp44 fragment can be targeted to disrupt the interaction between P. gingivalis and other periodontopathic bacteria.
In patients with chronic periodontitis, P. gingivalis is often detected together with T. denticola (Simonson et al. 1992; Kigure et al. 1995; Socransky et al. 1998) . Coaggregation, metabolite cross-feeding and upregulation of T. denticola genes encoding virulence factors account for the temporal and spatial colocalization of these two species in subgingival plaque and their synergistic virulence in animal periodontitis models (Orth et al. 2011; Tan et al. 2014) . The major fimbriae and RgpB of P. gingivalis play important roles in biofilm formation with T. denticola (Yamada, Ikegami and Kuramitsu 2005) . Rosen, Genzler and Sela
